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Axon guidanceEna/VASP proteins mediate the effects of guidance cues on the actin cytoskeleton. The single C. elegans
homolog of the Ena/VASP family of proteins, UNC-34, is required for the migrations of cells and growth
cones. Here we show that unc-34 mutant alleles also interact genetically with Wnt mutants to reveal a role
for unc-34 in the establishment of neuronal polarity along the C. elegans anterior–posterior axis. Our mutant
analysis shows that eliminating UNC-34 function results in neuronal migration and polarity phenotypes that
are enhanced at higher temperatures, revealing a heat-sensitive process that is normally masked by the
presence of UNC-34. Finally, we show that the UNC-34 protein is expressed broadly and accumulates in
axons and at the apical junctions of epithelial cells. While most mutants lacked detectable UNC-34, three
unc-34 mutants that contained missense mutations in the EVH1 domain produced full-length UNC-34 that
failed to localize to apical junctions and axons, supporting the role for the EVH1 domain in localizing Ena/
VASP family members.d Cell Biology, 16 Barker Hall,
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The generation of neuronal polarity and the ability of neuronal
growth cones to navigate to their synaptic targets contribute to the
connectivity of the metazoan nervous system. When cultured,
hippocampal and cortical neurons polarize with a single axon and
multiple dendrites, indicating that these cells have an intrinsic
polarity when they are cultured (Barnes and Polleux, 2009). In the
developing nervous system, however, neuronal polarity is oriented by
cues. The C. elegans HSN neuron, for example, extends a single axon
ventrally and this extension is initiated by the guidance cue UNC-6/
netrin (Adler et al., 2006). Cells and growth cones also migrate in
culture in the absence of cues, but to reach their destinations,
migrating cells and growth cones respond to both attractive and
repulsive cues. In the past two decades, investigators have identiﬁed
many conserved guidance cues and their receptors, and more
recently, these molecules have also been shown to regulate neuronal
polarity. How these receptors transduce extracellular cues to orientpolarity and to guide migrating cells and growth cones, however, is
not as well understood.
One important class of molecules thought to convey signals from
guidance receptors to the actin cytoskeleton are members of the Ena/
VASP family of proteins. Enabled (Ena) was ﬁrst deﬁned in Drosophila
by mutations that dominantly suppress the lethality caused by
mutations in the homolog of the Abelson oncogene (Gertler et al.,
1990). Later, Ena mutants were found to have defects in axon
morphology (Gertler et al., 1995). Vasodilator-Stimulated Phospho-
protein (VASP) was isolated as a protein in platelets that was
phosphorylated in response to high levels of cAMP or cGMP (Haffner
et al., 1995; Halbrugge and Walter, 1989; Waldmann et al., 1987).
Mena, VASP and Ena–VASP like protein (Evl) are the three
mammalian Ena/VASP family proteins (Gertler et al., 1996). These
paralogs provide overlapping functions in the formation of ﬁlopodia
and endothelial junctions that are only revealed in mouse mutants
lacking function of all three genes (Furman et al., 2007; Kwiatkowski
et al., 2007). C. elegans contains a single Enabled homolog known as
UNC-34. Ena/VASP members all share three domains: an N-terminal
Ena/VASP homology 1 (EVH1) domain that can interact with several
proteins, a central proline rich region (PRR) that can interact with
Proﬁlin and proteins containing SH3 domains, and a C-terminal EVH2
domain that mediates the formation of tetramers and interactions
with actin (Krause et al., 2003).
In order to study the role of the Ena/VASP family in neuronal
development, we performed a genetic analysis of unc-34, the single C.
95T. Fleming et al. / Developmental Biology 344 (2010) 94–106elegans Ena/VASP homolog. All unc-34 mutants were heat sensitive
for unc-34-dependent phenotypes, revealing a temperature-sensitive
process that is normally masked by UNC-34. We discovered a role for
UNC-34 in ALM neuronal polarity, a process that also requires Wnts,
suggesting that Ena/VASP family members could function in Wnt
signaling. All unc-34mutants that express full-length UNC-34 protein
contain amino acid substitutions in the EVH1 domain. UNC-34 is
expressed broadly throughout the nervous system as well as in
epithelial cells. In particular, we ﬁnd UNC-34 localized to axons and
apical junctions of epithelial cells. Our phenotypic analysis shows that
the EVH1 domain is essential for UNC-34 localization.
Materials and methods
Strains and genetics
Strains were grown at 20 °C unless stated otherwise, and were
maintained as described by Brenner (1974). In addition to the wild-
type strain N2, strains with the following mutations or transgenes
were used in this work:
LGI: lin-44(n1792 and n2111) (Herman and Horvitz, 1994), zdIs5
[Pmec-4::gfp] (Prasad and Clark, 2006)
LG II: cwn-1(ok546) (Zinovyeva and Forrester, 2005), juIs76 [Punc-
25::gfp] (Huang et al., 2002);
LG III: sup-5(e1464) (Waterston and Brenner 1978; Wills et al.
1983), mig-10(ct41) (Manser and Wood, 1990);
LG IV: egl-20(n585) (Trent et al., 1983), cwn-2(ok895) (Zinovyeva
and Forrester, 2005), ced-10(n1993) (Ellis et al., 1991), ced-10
(n3246) (Reddien and Horvitz, 2000), ced-10(tm597) (National
Bioresource Project of Japan);
LG V: unc-34 alleles included e315, e951, e566 (Brenner, 1974),
gm104, gm114, gm115, gm134 (Forrester and Garriga, 1997), ev561,
ev562, ev553, ev564 (Colavita and Culotti, 1998), zd117, zd132,
zd133 (S. Clark), rh403 (E. M. Hedgecock), s138 (D. L. Baillie),
n1877, n1889, and n1890 (L. Bloom and B. Horvitz),mom-2(or309)
(Thorpe et al., 1997), mom-2(ne874ts) (Zinovyeva et al., 2008),
kyIs5 [Pceh-23::unc-76::gfp] (Forrester and Garriga, 1997);
Rearrangements and extrachromosomal arrays: nT1[qIs50] and
dnT2[qIs50] (Belﬁore et al., 2002), kyEx710 [Punc-86::GFP::unc-34,
Podr-1::dsRed] and kyEx926 [Punc-86::mig-10::YFP, Podr-1::dsRed]
(Adler et al., 2006).
unc-34 cDNA cloning and sequencing
A full-length unc-34 cDNA was generated. RNA was isolated from
embryos and poly(A) RNA was selected using a Qiagen poly(A)
selection kit using the manufacturer's protocol. The RNA was reverse
transcribed by incubating 5 μl of Poly(A) selected RNA at 37 °C for
60 min in 50 µl of a solution containing M-MLV buffer (50 mM Tris–
HCl pH 8.3, 10 mM MgCl2, 7.5 mM KCl), 0.5 mM of each dNTP,
0.02 mM oligo dT, 25 units RNAsin and 200 units M-MLV enzyme
(Promega, Madison, WI, USA). To amplify the unc-34 cDNA, we
incubated 1 µl of the reverse transcription reaction in 50 µl PCR
reaction. The oligonucleotides EN23 and EN24 were used to amplify
by PCR an unc-34 cDNA. EN23 contained sequences (5′-CAGCCGCG-
GATGTTGTGTAATACGCATTCT-3′) from the cosmid Y50D4C with a
SacII site at its 5′ end. EN24 contained sequences (5′-GCCGGTACCC-
TATCGACGGCCACCAATCGC-3′ and a KpnI site at its 5′ end. The PCR
product was digested with SacII and KpnI and cloned into Bluescript
KS — digested with SacII and KpnI to produce pMD1.
5′ RACE revealed that pMD1 contained the incorrect ATG. We
corrected this error by amplifying by PCR from pMD1 using the
oliginucleotide primers EN24 and EN37(5′ATGTTGTGTAATACG-CATTCTCAGAACTTAGTTTCATTTTTTCCCACCAAAAAATTCAAATTTTC-
CATGAGTAGCGAAGCATGTAT3′). The SacII site at the 5′ end of EN37
was used to clone the revised unc-34 PCR product into Bluescript KS-
to produce pMD2. The sequence analysis of pMD2 revealed a silent
point mutation at nucleotide 1026 of cDNA (GGT to GGC; Gly to Gly).
Otherwise there are no other variations from the wild-type sequence.
Sequence analysis of unc-34
To determine the molecular lesions of unc-34 mutants, we
generated from genomic DNA PCR products containing one or two
unc-34 exons that were then sequenced. All primers are written 5′ to
3′. PCR using the primers TF34f (GCAAAAGGAGATTAGATTGC) and
TF31r (GTCGTGTGAAAGCTATATTTG) generated a PCR product con-
taining the ﬁrst two exons of unc-34. Exon 3was obtained by PCRwith
the primers TF35f (TTCACGAGGAATCTCAATTCG) and TF37r
(GAATTTGCATGCTCATTTCAAAC). The PCR product generated with
the primers, TF38f (TCTACTTAAACAATCGTTTCTG) and EN33r
(CTTTCTATGCGTCTTCGGACTATC) included exon 4 and a portion of
exon 5. The other portion of exon 5 along with exons 6 and 7 was
obtained by PCR using the primers, EN32f (CAGCCGGCAATC-
TAATGTCCGAAT) and TF32r (GAAAATGGTTCTATGCAGCACCG).
RNA interference
A PCR product generated from the primers EN7 (5′-GCCGGTAC-
CAGTAGCGAAGCATGT-3′) and EN15 (5′-CAGCCGCGGCGATG-
CATCTGTTGA-3′) and from an unc-34 cDNA as template was
subcloned into Bluescript KS — using KpnI and SacII sites at the 5′
end of the primers, respectively. RNA was transcribed by T3 and T7
primers using Promega T3/T7 kits. The RNA was annealed by mixing
equalmolar concentrations of sense and antisense RNA in 3X injection
buffer (20 mM KPO4 pH7.5, 3 mM KCitrate pH7.5, 2% PEG6000).
Annealing took place at 68 °C for 10 min and then 37 °C for 30 min.
The generation of double-stranded RNA was conﬁrmed by reduced
mobility of the RNA band on an agarose gel. The resulting double-
stranded RNA was injected into kyIs5 at 20 °C at a concentration of
10 ng/μl. The progeny of the injected animals were scored for CAN
migration defects.
unc-34 constructs and germline transformation
In order to assess if UNC-34 functions cell autonomously, we used
a 7 kb ceh-23 promoter to drive unc-34 cDNA. The ceh-23 promoter
was obtained by PCR of genomic DNA using the primers TF1 (5′-
CGCGCATGCGTTGCACAATTTCTACGCCC--3 ′) and TF2 (5 ′-
CTTTATTTTCTAGATGGACACCC-3′). The PCR product was cut with
SphI and XmaI and then cloned into the SphI and XmaI sites of
pPD95.77 (Fire lab 1995 vector kit) to produce pTF1. An unc-34
translational fusion with GFP was generated by PCR of pMD2 with the
primers, EN38 (5′-CAGCCCGGGATGAGTAGCGAAGCATG-TAT-3′) and
EN39 (5′-TATCCCGGGATCGACGGCCACCAATCGC-3′), which both con-
tain XmaI sites at the 5′ end. The PCR product was cut with XmaI and
cloned into the XmaI site of pTF1. The resulting Pceh-23::unc-34::gfp
transgene was injected at 5 ng/μl with rol-6(su1006) DNA into wild-
type animals. The resulting array gmEx249 was crossed into unc-34
(e951) mutants. The CAN positions were then scored in this strain.
Anti-UNC-34 antisera
A His-tagged UNC-34 fusion gene was constructed by inserting the
C-terminal two-thirds of the unc-34 cDNA into the pRSET-B vector
beginning with the BamHI site in exon 2 (Invitrogen) A fusion protein
of the predicted size of 31Kd was puriﬁed on Ni agarose from E. coli
and injected subcutaneously into mice and rabbits (Harlow and Lane,
1988). Antibody experiments used either polyclonal ascites frommice
Fig. 1. unc-34 mutations and UNC-34 mutant proteins. (A) Diagram of the protein
domains of UNC-34 and of the changes caused by the mutations. C. elegans UNC-34 has
an N-terminal Ena/VASP homology 1 (EVH1) domain, a central proline rich region
(PRR) and a C-terminal EVH2 domain. Also shown are the positions of the altered amino
acids of the sequenced unc-34 alleles. The asterisk indicates the presence of the
additional mutation E433K in the EVH2 domain of unc-34(ev561) and unc-34(ev562)
mutants. (B) Immunoblots of extracts from wild-type and unc-34 mutant embryos
using antibodies raised against the UNC-34 C-terminus. Prominent background bands
ran at 90 kD (seen in top immunoblot) and 40 kD. These 90 kD protein that reacted
with the anti-UNC-34 was present in all of the unc-34 mutant strains and served as a
control for normalizing the amount of UNC-34 in the different strains. Based on this
criterion, there was less UNC-34 protein in the gm 114, ev561 and ev562mutant strains.
The subtle shift of the UNC-34 protein from the ev561 and ev562 mutants is an artifact
of removing several intervening lanes between the wild-type and mutant lanes. The
wild-type and mutant proteins are of the same size.
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immobilized on nitrocellulose strips.
Immunoblot analysis
Animals were washed three times with M9 to remove bacteria.
After the ﬁnal wash, the animals were suspended in three volumes of
sample buffer (0.125M Tris–HCl, pH 6.8, 20% glycerol, 4% SDS, 10% β-
mercaptoethanol and 0.004% bromophenol blue). The suspended
animals were heated to 100 °C for 5 to 10 min. The protein from this
extract was separated on 10% SDS-PAGE polyacrylamide gel. Proteins
were transferred to 0.45 µm nitrocellulose ﬁlters (Schleicher and
Schuell, Keene, NH, USA) by electroblotting at 100 mA overnight at
room temperature in 20 mM Tris, pH 8.8, 150 mM glycine, 20%
methanol. Blots were rinsed twice in water, wet brieﬂy in TPBS (0.05%
Tween-20 in PBS), then blocked for 1 h at room temperature in 5%
dried, non-fat milk and 0.1% bovine serum albumin (BSA; Sigma
Chemical Co., St. Louis, MO, USA) in TPBS. Blots were rinsed brieﬂy in
TPBS and incubated in primary antibody (diluted to 1:500 in 0.1% BSA,
0.5% NGS in TPBS) for 1 hour at room temperature. Excess primary
antibody was removed from the blots by washing three times for
10 min each in TPBS. Secondary antibody was diluted to 1:10,000 in
0.1% BSA, 0.5% NGS in TPBS. Incubation in secondary antibody was
carried out at room temperature for 1 to 2 h. Blots were then washed
three times for 10 min each in TPBS. Antibody detection was done
using the SuperSignal Pico West Chemoluminescent substrate from
Pierce (Rockford, IL, USA) as per manufacturer's instructions.
Molecular weights were determined using prestained protein
molecular weight standards (Sigma Chemical Co., St. Louis, USA).
Immunocytochemistry
Embryos were prepared by treating gravid hermaphrodites and
freshly laid eggs with 5 ml of hypochlorite solution (0.7 M NaOH, and
4.4% NaOCl) for 10–15 min while vortexing intermittently. Embryos
were ﬁxed and permeabilized as described (Guenther and Garriga,
1996). To reduce the background, rabbit anti-EVH2 antibodies were
diluted 1:500 in PBST-A (1× PBS, 1% BSA, 0.5% Triton-X 100, 0.05%
NaN3, 1 mM EDTA), and the dilution pre-absorbed overnight 4× at
room temperature with ﬁxed unc-34(e951) embryos. After washing,
the embryos were rocked overnight at room temperature in Cy3 goat
anti-rabbit diluted 1:500 in PBST-A (Molecular Probes).
Larvae and adults were obtained as described by Guenther and
Garriga (1996). Animals were washed, ﬁxed, permeabilized and
stained by the method of Finney and Ruvkun (1990). Pictures were
obtained from a Hamamatsu ORCA-ER digital camera attached to a
Zeiss Axioskop2 microscope using Openlab software.
Scoring of cell migration defects
To determine the extent of CAN, HSN and ALM migration in wild-
type and mutant animals, cell positions were scored relative to the
positions of hypodermal nuclei using Normarski optics. Only newly
hatched ﬁrst larval stage (L1) hermaphrodites were scored. When
CANs could not be detected they were scored in the most anterior
position since CANs that fail to migrate out of the head were not
distinguishable from other neurons. All p values were determined
using a two-sample Z-test formula to compare the percentage of cells
in a speciﬁc position from two genotypes.
Scoring of process outgrowth defects
The processes of the DD neurons of L1 animals were scored using
the Zeiss Axioskop2 microscope to visualize the GFP ﬂuorescence of
juIs76 [Punc-25::gfp] transgenic animals. Observed process morphol-ogies were divided into ﬁve classes that are described in the legend to
Fig. 5.
Scoring of the ALM polarity phenotype
Neuronal polarity of ALM was scored in L4 animals using the
integrated array zdIs5 [Pmec-4::gfp], which is expressed in the six
mechanosensory neurons, ALMs, PLMs, AVM and PVM. For ALM, the
bipolar phenotype was deﬁned as a normal anterior process and a
posterior process that is longer than ﬁve ALM cell diameters in length.
unc-34(e315) genetics
Backcrossing of the original unc-34(e315) mutation revealed that
the severity of the cell migration defects could be variable in different
strains. To determine if the original unc-34(e315) strain contained an
unlinked genetic modiﬁer, we crossed the original strain to wild-type
males and generated multiple strains in which the unc-34(e315)
mutant bred true for the Unc phenotype. The original unc-34(e315)
strain displayed only weak cell migration defects, but after back-
crossing, we isolated Unc strains that displayed cell migration defects
comparable to unc-34 null mutants (data not shown). Out of seven
backcrossed unc-34(e315) strains, two exhibited weak CANmigration
defects, indicating the presence of the suppressor. The remaining ﬁve
strains displayed a range of CAN phenotypes with 17% to 36% of the
CANs in wild-type positions (data not shown). We isolated strains
with CANmigration defects indistinguishable from strains that carried
null alleles of unc-34. One of these strains, named NG4611, was used
in this study. These results are consistent with the canonical strain
containing a recessive mutation that is unlinked to unc-34(e315) and
able to suppress its cell migration defects. We have not yet mapped
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genes, crml-1 and abl-1, have been identiﬁed (Hurwitz et al., 2009;
Vanderzalm et al., 2009). The abl-1 and crml-1mutations suppress the
cell migration and Unc phenotypes of unc-34 mutations, whereas the
e315 mutation primarily suppresses the cell migration defects of the
unc-34 mutant and thus could deﬁne a new suppressor locus.
Results
Most unc-34 mutants produced no detectable UNC-34 protein
C. elegans contains a single Ena/VASP homolog known as UNC-34
(Withee et al., 2004; Yu et al., 2002). Ena/VASP family proteins have
three domains: EVH1, PRR and EVH2 (Fig. 1A). Although UNC-34 hasFig. 2.UNC-34 localizes to apical junctions andneuronalprocesses.Westainedembryoswith an
type embryo stainedwith an anti-UNC-34 antiserum(A) andDAPI (B). UNC-34 localized to the a
embryos stained with the anti-UNC-34 antiserum. Late-stage embryos were dislodged from th
labeled by the antibody. Arrowheads inD indicate the apical junctions labeled by the antibody. (
mutants lackedall nervous systemandepithelial cell staining. (F) The cell bodiesbut not theneu
unc-34(ev561) and (H) unc-34(ev562)mutants contained reduced levels of UNC-34. scale barall three domains, it has weak homology to the EVH2 domain (16%
identity overall with Mena EVH2). The EVH2 domain appears to lack
conserved sequences necessary to bind globular actin but contains
conserved residues involved in ﬁlamentous actin binding and
tetramerization (data not shown). We raised antibodies to the EVH2
domain of UNC-34. Anti-EVH2 antibodies detected a protein of
approximately 60 kD present in wild-type animals (Fig. 1A). The
size of UNC-34 is larger than the 50 kD predicted from the sequence of
its cDNA.
To determine if existing unc-34 alleles produce detectable UNC-34
protein, we performed immunoblot analysis of embryonic extracts
from 19 unc-34mutants using the antibodies raised against the EVH2
domain. The 16 unc-34 mutants e315, e951, ev553, ev564, ev566,
gm104, gm115, gm134, n1877, n1889, n1890, rh403, s138, zd117, zd132,ti-UNC-34 antibodies raised to theC-terminal EVH2domain. (A–B)Pre-commastage,wild-
pical junctions (arrows indicate someof the junctions). (C) Two-fold and (D–H) late-stage
eir eggshells during the staining protocol. Arrows in C, D, G and H indicate the nerve ring
C, D)UNC-34 localized to axon bundles of late-stage,wild-type embryos. (E) unc-34(e951)
ronalprocessesofunc-34(gm114)mutants containedUNC-34. (G–H)Thenerve rings of (G)
is 5 μm.
Fig. 3. CANmigration defects of unc-34mutants. At the top is amerged ﬂuorescence and
Nomarski image of a newly hatched ﬁrst larval stage (L1), Pceh-23::gfp transgenic
animal that expresses GFP in the CANs as well as sensory neurons in the head and tail.
Anterior is to the left and dorsal is up. Only the left CAN is visible. While the ceh-23::gfp
transgenic animal shown is used to illustrate the normal CAN position, this transgene
sensitizes the background to CAN defects. To avoid this, we scored CAN positions by
Nomarski optics in a background lacking this transgene. The schematic diagram
represents the anterior half of the L1 larval stage body and depicts the hypodermal
nuclei used to score the terminal positions of migrated CANs. The arrow illustrates the
posterior migration route of the CAN. Each box in the lower part of the Fig. contains the
percentage of CANs in that position relative to the hypodermal nuclei. “n” is the number
of CANs scored for each genotype.
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shown). The lack of detectable protein suggests that most mutations
eliminate unc-34 function. This hypothesis is supported by the
similarity of the phenotypes of the mutants (see below and data not
shown).
We attempted to identify the e315, e951 and gm104 mutations by
sequencing the mutant unc-34 genes. We were unable to amplify by
PCR unc-34 sequences from e951 genomic DNA, suggesting that most
if not all of the gene is deleted in these mutants. Consistent with this
ﬁnding, probing a Southern blot of e951 mutant DNA with a cDNA
probe did not detect unc-34 sequences (data not shown). The allele
gm104 is an early amber nonsensemutation at codon 24 (Fig. 1A), and
both the locomotion and cell migration defects of gm104 hermaph-
rodites were suppressed by a sup-5 amber suppressor, conﬁrming that
the gm104 amber mutation is responsible for these phenotypes (data
not shown). These observations indicate that the e951 and gm104
mutations eliminate unc-34 function. The unc-34(e315) mutation
results in an amber stop at codon 258 and is predicted to result in a
fragment that contains the EVH1 and PRR domains, but lacks the EVH2
domain (Fig. 1A). As expected, anti-EVH2 antibodies failed to detect
UNC-34 protein from unc-34(e315) mutants (Fig. 2B).
Three unc-34 mutants produced full-length protein
Of the 19 unc-34 mutants tested, only three alleles, gm114, ev561
and ev562, expressed full-length UNC-34 (Fig. 1B). Sequence analysis
of these alleles revealed that all three have missense mutations in the
EVH1 domain (Fig. 1A). The gm114 mutation changes a highly
conserved alanine to threonine at amino acid 99. In unc-34(ev561)
mutants, the threonine at codon 83, which lies adjacent to a highly
conserved region, is converted to an isoleucine. The unc-34(ev562)
allele encodes a valine at codon 56 instead of a conserved aspartate.
Both unc-34(ev561) and unc-34(ev562) also contain the same
additional mutation in the EVH2 domain that changes a glutamate
to a lysine at amino acid 433 in the tetramerization motif. Both alleles
were generated in the same lab, and the existence of the same
mutation in both strains suggests that it was present in the original
strain.
UNC-34 localizes to neuronal processes and at apical junctions
The anti-EVH2 antibodies detected cytoplasmic protein in both
wild-type and unc-34(e951) early embryos (data not shown). Because
unc-34(e951) mutants contain no UNC-34 protein (Fig. 1B), this
nonspeciﬁc staining prevented us from using these antibodies to
determine the distribution of UNC-34 protein during the early stages
of embryonic development that occur before morphogenesis. We ﬁrst
detected speciﬁc UNC-34 staining with anti-EVH2 antibodies in
embryos at the beginning of ventral enclosure, a stage of embryo-
genesis where polarized epithelial cells originating on the dorsal side
of the embryo migrate ventrally to meet at the ventral midline and
attach via apical junctions (Chisholm and Hardin, 2005). UNC-34
speciﬁcally localized to apical junctions of these migrating epidermal
cells as previously described using an UNC-34::GFP reporter (Fig. 2A)
(Shefﬁeld et al., 2007). Shefﬁeld et al. showed that the junctional
protein AJM-1 and UNC-34 physically interact and that AJM-1 recruits
UNC-34 to apical junctions (Shefﬁeld et al., 2007). Later in
embryogenesis, UNC-34 was also found in a pattern that suggested
it localizes to junctions of the epithelial cells that line the inside of the
pharynx. UNC-34 localization to these structures decreased after the
ﬁrst larval stage, but was observed strongly at apical junctions of the
developing vulva (data not shown).
Anti-EVH2 antibodies revealed broad expression of UNC-34 in the
nervous system that was missing from the mutants unc-34(e951) and
unc-34(gm104) (Figs. 2C, D, E and data not shown). UNC-34 localized
to axons with fainter cytoplasmic staining in neuronal cell bodies. Thenerve ring, the major C. elegans neuropil that contains the highest
concentration of axons, displayed the most intense staining, while the
dorsal nerve cord (DNC) and ventral nerve cord (VNC) also expressed
detectable UNC-34 (Figs. 2C, D and not shown). Nerve ring staining
was detected as early as the two-fold stage of embryogenesis and the
intensity of axonal staining increased until late embryogenesis (Fig. C,
D). UNC-34 axon expression continued into adulthood although it
became fainter in older larvae and adults (data not shown).
Staining of unc-34 mutants that produced full-length UNC-34
protein revealed a requirement for the EVH1 domain in UNC-34
localization. First, UNC-34 failed to localize to the apical junctions in
unc-34(gm114) mutants (data not shown). This observation is
consistent with the ﬁnding that a mutant form of AJM-1 that cannot
bind to UNC-34 fails to recruit UNC-34 to apical junctions (Shefﬁeld
et al., 2007). Because of high background staining, we do not know
whether mutant UNC-34 protein accumulated in the cytoplasm of
these epithelial cells. Second, axonal staining was noticeably absent
from unc-34(gm114) mutants even though high levels of the protein
accumulated in the cell bodies of neurons in the head and along the
VNC (Fig. 2F). The lack of UNC-34 in axons and its accumulation in the
cytoplasm of neuronal cell bodies in unc-34(gm114) mutants
indicated that the mutant UNC-34 localized abnormally and was not
simply undetectable in axons due to lower expression levels. These
observations suggest an important role for the EVH1 domain in UNC-
34 localization.
Fig. 4. HSN migration defects of unc-34 mutations. At the top is a merged ﬂuorescence and Nomarski image of a newly hatched L1 animal containing the transgene Punc-86::gfp.
These transgenic animals express GFP in the HSNs as well as many other neurons, and this image is only used here to illustrate the positions of the HSNs. As in Fig. 3, the transgene
was not used to score HSNs because it sensitizes the background and enhances the HSN migration defects of the mutants. Anterior is to the left and dorsal is up. The schematic
diagram shows the posterior half of a ﬁrst stage larvae. The arrow represents themigration path of the HSN. The hypodermal nuclei shown in the diagram provide reference positions
for scoring the positions of the HSNs. Each box in the lower part of the ﬁgure contains the percentage of HSNs in that position along the anterior–posterior axis. “n” is the number of
CANs scored for each genotype.
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34(ev562), also exhibited a decreased level of nerve ring, VNC and
DNC staining (Figs. 2G and H). We observed UNC-34 in the nerve ring
of unc-34(ev561) mutants only occasionally and at high levels in
neuronal cell bodies. We detected faint but consistent UNC-34 levels
in the nerve ring of unc-34(ev562) mutants. Both unc-34(ev561) and
unc-34(ev562)mutants failed to show any staining of apical junctions
(data not shown). Because unc-34(gm114)mutants also displayed the
axonal localization defect, we favor the hypothesis that the deﬁciency
in nerve ring staining and stronger cell body staining of unc-34(ev561)
and unc-34(ev562) mutants resulted from changes in the EVH1
domain rather than the altered EVH2 domain that they share. This
hypothesis is also supported by the different strengths of the
localization defects between the two mutants, but we cannot
eliminate the possibility that the EVH2 change shared by the two
mutants contributes to the localization defect.The EVH1 domain is important for cell migration and axon guidance
unc-34mutants displayed defects in the positions of the CAN, HSN
and ALM neurons (Forrester and Garriga, 1997). These bilaterally
symmetric neurons all migrate during embryogenesis. The CANs
migrate from the head to the middle of the embryo, stopping at
positions near the anterior end of the gonad primordium. The HSNs
migrate forward from the tail to positions that ﬂank the embryonic
gonad. The ALMs migrate toward the posterior within the mid-
anterior region over a shorter distance than the CANs and HSNs
(Sulston et al., 1983).The unc-34 null mutants e951 and gm104 displayed similar cell
migration defects. Only about 25% of CANs migrated to wild-type
positions in these mutants, with the remaining neurons stopping
short at various positions along the migratory route (Fig. 3). The
HSN migration defects of these mutants were not as severe: 63% of
unc-34(e951) HSNs and 48% of unc-34(gm104) HSNs migrated to
wild-type positions with most of the remaining neurons clustered
in slightly posterior positions (Fig. 4). Approximately 35% of the
ALMs failed to reach wild-type positions in these mutants (data not
shown). The unc-34 mutations affect multiple migrations in both
the posterior and anterior directions, but affect CAN migration
more severely.
The CAN, HSN and ALM migration defects of unc-34(gm114) and
unc-34(e315) mutants were similar to those of the null mutants
(Figs. 3, 4 and data not shown), indicating that unc-34(gm114) and
unc-34(e315) eliminated UNC-34 function in cell migration. Thus, the
EVH1 domain and in particular the conserved residue altered in unc-
34(gm114) are essential for UNC-34's function in cell migration.
The defects in unc-34(e315) mutants could reﬂect an essential
requirement for the EVH2 domain in UNC-34 function. However, we
could not conﬁrm the presence of a truncated UNC-34 in unc-34
(e315) mutants because our antibodies recognize the C-terminal
EVH2 domain. Because unc-34(e315) mutants behave genetically like
nulls, if a mutant protein is made in unc-34(e315) mutants, it would
lack UNC-34 function. The hypomorphic unc-34(lq17) mutation is
predicted to produce a protein that lacks the last 43 amino acids of
UNC-34 and hence should fail to form tetramers (Shakir et al., 2006).
Because the mutant phenotype of unc-34(e315) animals is more
severe than that of unc-34(lq17) animals and because unc-34(lq17)
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other than those involved in tetramerization would be important for
UNC-34 function if a truncated protein is made in unc-34(e315)
mutants. An alternative possibility is that instability of unc-34 mRNA
or protein in unc-34(e315) mutants leads to the severe migration
defects observed.Fig. 5. Process guidance defects of unc-34mutants. (A) Images were taken at early L1 larval
array juIs76 used to visualize the DD processes. In juIs76 the unc-25 promoter drives GFP exp
processes. The DD processes extend along the VNC, send commissures to the dorsal nerve co
DNC but then fail to branch properly and would be scored as class III defects. The arrowheads
asterisk corresponds to a DD process that fails to exit the VNC and represents the most severe
(classes I and II) process morphology and the three classes of defective process morphologie
fully extend along the DNC in one or both directions. Processes were scored as class III defects
one branch. Class IV defects included processes that exited the VNC, but failed to reach the D
VNC. (C) Graph depicting the DD process defects of wild-type and unc-34 mutants. In a wi
mutants, e951, gm114, and gm104 all showed similar phenotypes with 40–50% of the DD p
observed in unc-34(ev561), in which 30% of DD axons failed to reach the DNC. In contrast, u
reached the DNC. (D) Graph showing wild-type and unc-34(e951) DD process defects at diff
while unc-34(e951) defects strongly depend on temperature. At 25 °C 59% of DD processes
animals (350 processes) were scored for each genotype and temperature.It is noteworthy that the original unc-34(e315) strain CB315
contains a second mutation that partially suppressed the cell
migration defects in this strain (see Materials and methods). Once
this suppressor was removed, the e315 allele behaved like all of the
other strong unc-34 mutant alleles. Based on its effects on the unc-34
(e315) mutant phenotype, this suppressor is different from otherstage of a wild-type animal and an unc-34(e951) null mutant expressing the integrated
ression in the six DD neurons located in the ventral nerve cord (VNC) as well as in their
rd (DNC) and then extend in the DNC. The arrows indicate DD processes that reach the
point to DD processes that exit the VNC but fail to reach the DNC (class IV defects). The
class V defect. A— anterior and P— posterior. (B) Diagrams representing the wild-type
s. Class II processes extended to the DNC and branched in both directions, but failed to
if they extended to the DNC but then either failed to branch completely or only sent out
NC and may or may not have extended branches. Processes in class V failed to exit the
ld-type background all of the DD processes displayed normal morphology. The unc-34
rocesses failing to reach the DNC (classes IV and V). A slightly milder phenotype was
nc-34(ev562) displayed a hypomorphic phenotype in which all but 9% of DD processes
erent temperatures. A mild temperature-sensitive effect was seen in wild-type animals
were in class IV or V but at 15 °C only 24% of processes were scored as class IV or V. 70
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et al., 2009) (see Materials and methods).
The unc-34(ev561) and unc-34(ev562) alleles are hypomorphic,
resulting in weaker locomotion and migration defects compared to
other unc-34 alleles (Figs. 3, 4 and data not shown). In unc-34(ev561)
mutants, 57% of the CANs were found in wild-type positions, which is
signiﬁcantly higher than the 25% in null mutants (pb0.0001). The
remaining CANs were found at various positions along the migratory
path (Fig. 3). The CANs of unc-34(ev562) mutants, by contrast, all
migrated to near wild-type positions. Thus, the EVH1 missense
mutation of unc-34(ev561) partially disrupted UNC-34 activity in CAN
migration, while the EVH1 missense mutation of unc-34(ev562) had
only a minor effect on UNC-34's ability to function in CAN migration.
In contrast to their different effects on CAN migration, both unc-34
(ev561) and unc-34(ev562) mutants displayed similar HSN migration
defects, which were not easily distinguished from null mutants
(Fig. 4).
Because UNC-34 is expressed throughout the nervous system and
is known to function in multiple cell migrations, it could promote
propermigration fromwithin amigrating cell or through its activity in
neighboring cells. To test for a cell autonomous role of UNC-34 in CAN
cell migration, we expressed an unc-34 cDNA tagged with GFP from a
ceh-23 promoter, which drove expression in the CAN and in a small
subset of sensory neurons (Wang et al., 1993). In the null mutant unc-
34(e951), only 24% of the CAN cells migrate to the wild-type location.
Expression of UNC-34::GFP within the CAN increases the number of
cells that reach the wild-type location to 75% (Fig. 3). Thus, UNC-34
expression within the CAN is capable of rescuing a signiﬁcant portion
of the unc-34(e951) CAN cell migration defects. These results indicate
that UNC-34 acts in the CAN cell to promote its migration.
The locomotion deﬁcits of unc-34mutants presumably result from
widespread defects in axon extension, guidance and fasciculation
(Forrester and Garriga, 1997; Hedgecock et al., 1985; McIntire et al.,
1992). As with the CAN migration defects, unc-34 mutants carrying
EVH1 missense mutations displayed varying degrees of uncoordinat-
ed locomotion. The Unc phenotype of unc-34(gm114) mutants was
similar to that of unc-34 null mutants. unc-34(ev561) mutants were
less severely uncoordinated, and unc-34(ev562) displayed only a very
mild Unc phenotype.
To test whether the Unc phenotypes observed correlate with
axonal defects, we scored the process morphology of the DD
GABAergic motor neurons in ﬁrst larval stage animals using the
Punc-25::gfp transgene juIs76 (Huang et al., 2002) (Fig. 5A). The cell
bodies of the six DD motor neurons (DD1–DD6) are located in the
ventral nerve cord and extend their processes during embryonic
development (Durbin, 1987; White et al., 1976, 1986). We use the
term “process” instead of axon or dendrite because DDs are not
polarized with an axon emerging from one part of the cell and
dendrites from the other. Rather, the branched process of each DD has
both presynaptic and postsynaptic domains. Each DD neuron extends
a long anterior process that branches near its terminus, extending a
commissure that leaves the ventral nerve cord and continues dorsally
to the dorsal nerve cord. Once it reaches the dorsal nerve cord, the
commissure branches to form a short anterior process and a longer
posterior process (Figs. 5A and B).
The observed process morphologies were divided into ﬁve classes
ranging from wild-type (class I and class II) to the most severe defect
where processes failed to exit the ventral cord (class V) (Fig. 5B).
Because juIs76 animals express GFP in some head neurons whoseFig. 6. unc-34 and cwn-1 mutations synergize to produce defects in ALM neuronal polarit
morphology. The ALM cell bodies are labeled. Arrows indicate anterior processes, and arrowh
of A–C are shown in D–F. (A, D) A wild-type ALM extends a single, anterior process. (B, E) A
posterior process. (C, F) A cwn-1; egl-20 ALM extends a single posterior process, indicating
defective polarity for each genotype. Gray bars indicate the bipolar phenotype and black bars
strain and n1972 in the strains with multiplewntmutations. Themom-2mutation was or309
genotype are provided. N.S., not signiﬁcant; *pb0.01 (Fisher's exact test).projections overlap with those of DD1, we present the results for
DD2–DD6. The defects of unc-34(gm114), unc-34(gm104) and unc-34
(e951) mutants were similar, with about 40% of the processes failing
to reach the DNC (class IV and class V) in all threemutants. The unc-34
(ev561)mutants, by contrast, showed only 30% of processes in class IV
or V categories and unc-34(ev562) mutants, which are the least Unc,
displayed no class V defects and only about 9% of the processes were
classiﬁed as class IV defects (Fig. 5C). These process phenotypes
parallel the observed Unc phenotypes.
UNC-34 functions in Wnt-regulated neuronal polarity
The three Wnt genes cwn-1, cwn-2 and egl-20 regulate the
polarity of the ALM neuron (Hilliard and Bargmann, 2006; Prasad
and Clark, 2006). While ALM development is normal in cwn-1, cwn-2
and egl-20 single mutants, the polarity of the ALMs is often disrupted
in cwn-1; cwn-2 and cwn-1; egl-20 double mutants. The ALMs
normally extend a long single process to the head (Figs. 6A, D). The
process forms a branch that innervates the nerve ring (White et al.,
1986). In Wnt double mutants, the ALMs can be bipolar or their
polarity can be reversed, extending a single process toward the tail
(Figs. 6B, C, E, F).
We found similar ALM polarity defects in cwn-1; cwn-2 and cwn-
1; egl-20 mutants to those reported previously (Fig. 6G). Because the
cwn-2 and egl-20 genes are linked, the egl-20 cwn-2 double mutant
was not constructed and analyzed previously. We ﬁnd that an egl-20
cwn-2 double mutant has a weak bipolar phenotype but that a cwn-
1; egl-20 cwn-2 mutant shows a signiﬁcantly stronger defect than
any of the double mutants (Fig. 6G). These ﬁndings indicate that
each of these three Wnts provide overlapping functions in ALM
polarity.
C. eleganshas two additionalWnt genes: lin-44 andmom-2. Because
a mom-2 mutation does not enhance the cwn-1 ALM defect, this Wnt
gene may not have a role in ALM polarity (Fig. 6G). One caveat of this
interpretation is that we could only analyze homozygous mom-2
mutants coming from heterozygous mothers since mom-2 loss leads
to a completely penetrant maternal effect embryonic lethality. Thus, a
maternally provided gene product could mask a role formom-2 in this
process. A lin-44mutation suppresses the ALM polarity defects of the
cwn-1; egl-20 double mutant (Hilliard and Bargmann, 2006; Prasad
and Clark, 2006). We conﬁrmed this result and also showed that a
strain containing mutations in all ﬁve Wnt genes is less severely
affected than the cwn-1; egl-20 cwn-2 triple mutant (Fig. 6G),
supporting the hypothesis that LIN-44 antagonizes the effects of one
or more of the other Wnts in this process. These quintuple mutants,
however, were derived from mothers heterozygous for the egl-20,
cwn-2 and mom-2 mutations and hence maternal contribution of
wild-type activity could also ameliorate the effects of the egl-20 and
cwn-2 mutations.
By screening existing mutations for an effect on ALM polarity, we
found that mutations in unc-34 produced a synthetic bipolar
phenotype in a cwn-1 but not an egl-20 or a cwn-2mutant background
(Fig. 6H). Similar to their effects on cell migration and DD process
outgrowth, the strong alleles gm104 and gm114 resulted in a higher
penetrance of ALM defects than the weaker ev561 and ev562 alleles
(Fig. 7A). We were also able to rescue partially the synthetic ALM
defect of cwn-1; unc-34(gm104) mutants by expressing unc-34 in the
ALM from the unc-86 promoter, which is expressed in many neurons
including the ALM, but not in non-neurnonal cells (Baumeister et al.,y. (A–F) Photomicrographs of L4 zdIs5 (Pmec-4::gfp) animals showing ALM neuronal
eads indicate posterior processes. Anterior is to the left, dorsal is up. The boxed regions
cwn-1; egl-20 ALM is bipolar, extending both a normal anterior process and an ectopic
a reversal of polarity. (G and H): Graph shows the percentage of ALM neurons with
indicate reversed polarity. In G, the lin-44mutation was n2111 in the singlewntmutant
in the singlewntmutant and ne874 in themultiplewntmutant strain. Numbers for each
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Fig. 7. Genetic interactions among genes involved in ALM polarity. (A–C) Graph shows the percentage of ALM neurons with defective polarity for each genotype. Gray bars indicate
the bipolar phenotype and black bars indicate reversed polarity. (A) Multiple alleles of unc-34 interact with cwn-1 and unc-34 functions cell- autonomously in ALM polarity. (B) A
mutation in cwn-1 signiﬁcantly enhanced polarity defect of putative null alleles of unc-34 (gm104 and gm114) but not putative hypomorphic alleles of unc-34 (ev561 and ev562).
Driving unc-34 expression from the neural promoter unc-86 signiﬁcantly rescued polarity defect in cwn-1; unc-34(gm104). (B) The roles of ced-10 and mig-10 in ALM polarity.
(C) unc-34(gm104) is temperature-sensitive for ALM polarity. Numbers for each genotype are provided. N.S., not signiﬁcant; *pb0.01 (Fisher's exact test).
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Fig. 8. Temperature-sensitive CANmigration defects of unc-34(e951)mutants. Diagram
of CAN migration is the same as in Fig. 3. CAN migration in wild-type animals was not
strongly affected by temperature, whereas the unc-34(e951) null allele showed a
signiﬁcant increase in CAN migration defects with increasing temperature. Each box in
the lower part of the Fig. contains the percentage of CANs in that position relative to the
hypodermal nuclei. “n” is the number of CANs scored for each genotype.
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ALM to establish its polarity.
UNC-34 and the Rac CED-10were found to act in parallel in UNC-6-
mediated ventral guidance of the AVM axon, and these two pathways
were shown to act downstream of the UNC-6 receptor UNC-40 (Gitai
et al., 2003). To address whether CED-10 also acts in ALM polarity, we
scored ced-10, cwn-1; ced-10 and ced-10; unc-34 mutants (Fig. 7B).
None of the three ced-10 alleles tested had much of an effect on ALM
polarity, but the cwn-1; ced-10 double mutants displayed signiﬁcant
ALM polarity defects. The strongest ced-10 allele, tm597, is a maternal
effect lethal, and unlike the other ced-10mutants that were analyzed,
animals homozygous for tm597 came from heterozygous mothers.
The weaker effect of the tm597 allele presumably reﬂects rescue by
maternally supplied gene product.
Because mutations in both unc-34 and ced-10 generate a synthetic
polarity defect in combination with the cwn-1mutation, we attempted
to construct a ced-10; unc-34 double mutant, but were unable to
maintain the strains as homozygous stocks because of lethality. Instead,
we balanced both mutations over the nT1 balancer. Because the
balancer ismarkedbya transgene that expressesGFP in thepharynx,we
scored animals that lacked the GFP marker. Very few double
homozygous larvae are generated from the balanced strain and those
thatwere produced arrested development as larvae. The ced-10; unc-34
double mutants lacked signiﬁcant ALM polarity defects. The lack of a
phenotype could result from the presence of maternally supplied ced-
10, unc-34 or both.
The lamellopodin/RIAM homolog MIG-10 physically interacts
with both UNC-34 and CED-10 (Quinn et al., 2006, 2008). We found
that like mutations in unc-34 and ced-10, a mig-10 mutation did not
cause an ALM polarity defect but did generate a synthetic phenotype
with cwn-1 (Fig. 7B). The ability of a Punc-86::mig-10::gfp transgene to
partially rescue the synthetic phenotype suggests that mig-10 also
acts in the ALM to regulate its polarity.
unc-34 mutants are heat sensitive for neuronal migrations and polarity
The locomotion phenotype of unc-34mutants has been reported to
be heat sensitive (Bloom, 1993).We conﬁrmed that the Unc phenotype
of all unc-34 mutants, including the null mutants e951 and gm104,
increased in severity at elevated temperatures, leading to the prediction
that the mutants would display more pronounced defects in process
morphology at higher temperatures. To test this hypothesis, we
analyzed the morphology of the DD processes. We scored DD2 process
morphology in unc-34 mutants raised at 15°, 20° and 25 °C and found
that the severity of thedefects increased at higher temperatures (Fig. 5D
and data not shown). For instance, the null allele e951 showed less than
24% of processes with the most severe class IV and V morphologies at
15 °C, but 59% of the processes were in these classes at 25 °C (Fig. 5D).
The DD and VD processes form a single bundle in the ventral and dorsal
nerve cords that can be scored using the Punc-25::gfp reporter. We also
found that unc-34 mutants raised at higher temperatures exhibited
increased defasciculation of the DD and VDprocesses (data not shown).
We also found that the cell migration defects of strains carrying
either null or hypomorphic alleles of unc-34 were more severe at
higher temperatures (Fig. 8 and data not shown). For example, when
e951 null mutants were raised at 20o, 11% of the CANs failed to
migrate out of the head; when the mutants were raised at 25o, 34% of
CANs remained in these positions (Fig. 8). The CAN defects of gm104
and gm114mutants were also stronger when the animals were raised
at 25 °C and weaker when raised at 15 °C (Fig. 8 and data not shown).
Similar temperature effects were seen for ALM and HSN migrations in
all three mutants (data not shown).
Finally, the ALM polarity defects of unc-34 mutants were also
affected by temperature. Whereas the penetrance of ALM polarity
defects in cwn-1; egl-20 doublemutants was not elevated signiﬁcantly
at higher temperatures, the penetrance of the cwn-1; unc-34(gm104)double mutant increased signiﬁcantly with increasing temperature
(Fig. 7C).
Because the neuronal migration and polarity in wild-type animals
were largely unaffected in this same temperature range, these
phenotypic differences reveal a temperature-sensitive process that
is normally masked by wild-type unc-34 function.
Discussion
UNC-34 and neuronal polarity
Ena/VASP family members are essential for polarization of cortical
neurons grown in culture (Kwiatkowski et al., 2007). These neurons
usually go through several stages to polarize, generating a single axon
and multiple dendrites. In the ﬁrst stage, neurons extend ﬁlopodia
that develop into neurites, and these ﬁlopodia fail to form in cortical
neurons derived from mice lacking all three Ena/VASP family
members (Kwiatkowski et al., 2007). The ﬁnding that these triple
mutant mice are almost devoid of cortical axon tracts is consistent
with Ena/VASP family members playing an essential role in the early
stages of neuronal polarization. Unlike the cortical neurons of the
mouse triple mutants, C. elegans unc-34 neurons lacking all Eva/VASP
function polarize normally. One explanation for this difference is that
cortical neurons lack redundant pathways that can generate polarity
in the absence of Ena/VASP family members. The ﬁnding that either
expression of the actin nucleating protein mDia in the mutant cortical
neurons or growing the neurons on laminin can rescue the defect in
neuritogenesis is consistent with this hypothesis (Dent et al., 2007).
UNC-34 was implicated in the initial ventral polarization of the
HSN motor neuron and the AVM mechanosensory neuron (Adler
et al., 2006; Quinn et al., 2006). While unc-34 mutants rarely have
defects in the ventral growth of the HSN and AVM neurons, genetic
interaction studies show unc-34mutations can interact synergistically
with other mutations during ventral growth. For example, loss of
UNC-34 and the Rac CED-10 leads to defects in AVM ventral guidance,
and these molecules are thought to mediate the polarizing effects of
the UNC-6-receptor UNC-40 (Gitai et al., 2003). We also tested
whether CED-10 plays a role in ALMpolarity and found thatmutations
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background. The ced-10; unc-34 double mutants, however, did not
have an ALM polarity defect. We balanced both the ced-10 and unc-34
mutations and scored the double homozygous animals coming from
the heterozygous mothers, so the lack of a phenotype could reﬂect
rescue by maternal products. Alternatively, additional pathways
might function in ALM polarity. We do not believe that the presence
of other Racs is responsible for the lack of a phenotype because
reducing either mig-2 or rac-2 in a cwn-1mutant background did not
produce a signiﬁcant ALM phenotype (data not shown). A recent
report showed that CED-10 mediates the effects of Wnts in the
engulfment of apoptotic cell corpses, the orientation of mitotic
spindles during asymmetric cell divisions and the migration of the
distal tip cells, somatic gonadal cells that shape the structure of the
gonad (Cabello et al., 2010). Our results suggest that Wnts also act
through CED-10 to control neuronal polarity.
We also tested the role of MIG-10, a lamellopodin/RIAM homolog
that physically interacts with both UNC-34 and CED-10 (Quinn et al.,
2006, 2008), and found that it plays a cell autonomous role in ALM
polarity. Our ﬁndings indicate that the same signal transduction
molecules involved in polarizing the AVM along the dorsoventral axis
also function in polarizing the ALM along the anterioposterior axis.
The lack of interactions between unc-34 and either egl-20 or cwn-2
suggests that unc-34 could mediate the effects of these Wnts and act
in parallel to CWN-1. Alternatively, the cwn-1 mutant background
might provide a more sensitized background than that of the other
Wnt mutants. In either case, UNC-34 might mediate the effects of
these Wnts on ALM polarity. It is noteworthy that unc-34 and the
three Wnts involved in ALM polarity also control HSN migration,
consistent with a general role for UNC-34 in Wnt mediated events
(Forrester and Garriga, 1997; Pan et al., 2006). HowWnts regulate cell
motility and neuronal polarity is poorly understood. Recent papers
have implicated an atypical protein kinase C, PI3 kinase (Wolf et al.,
2008) and a Rac in Wnt-regulated motility (Cabello et al., 2010). Our
results support the role of Racs in this process and implicate Ena for
the ﬁrst time in the Wnt-regulated neuronal polarity. While our
results are consistent with UNC-34, CED-10 and MIG-10 mediating
the effects of the Wnts, they are also consistent with these molecules
acting in parallel to the Wnts. Further experiments will be necessary
to distinguish between these possibilities.
The EVH1 domain is essential for UNC-34 function
The gm114 mutation disrupts the EVH1 domain of UNC-34 by
changing an alanine to threonine at amino acid 99. This allele results
in behavioral defects as well as cell and growth cone defects that are
similar to those produced by the e951 and gm104 mutations,
indicating that this residue is essential for UNC-34 function. We
propose that the defect in UNC-34 function in the gm114 mutant
results from its failure to localize properly. unc-34(gm114) is a lesion
that is similar to a mutation identiﬁed in Drosophila ena210 mutants.
The ena210 mutation changes the same conserved alanine altered in
unc-34(gm114) to valine. ena210 mutants are embryonic lethal and
dominantly suppress the lethality caused by mutations in Abl (Ahern-
Djamali et al., 1998; Gertler et al., 1995). Modeling of the EVH1
domain predicts that the A97V change will disrupt EVH1/Zyxin
interactions (Renfranz and Beckerle, 2002). These ﬁndings support a
requirement for the EVH1 domain and in particular the conserved
alanine in UNC-34 function.
The complete loss of UNC-34 localization to axons and apical
junctions in unc-34(gm114) mutants demonstrates that the EVH1
domain is required for proper localization ofUNC-34. This idea is further
supported by the absence of UNC-34 staining at apical junctions in unc-
34(ev562) and unc-34(ev561)mutants as well as the decreased axonal
staining in these mutants. The localization of Ena/VASP proteins to the
lamellipodia is essential for Ena/VASP function in ﬁbroblast motility(Bear et al., 2000). In addition, the recruitment of Ena/VASP to the
surface of Listeria correlateswith Ena/VASP function to promote Listeria
motility (Chakraborty et al., 1995). Therefore, we propose that the loss
of proper UNC-34 localization in unc-34(gm114) mutants accounts for
their severe cell and axon migration defects and that the partial defects
in UNC-34 localization in unc-34(ev562) and unc-34(ev561) results in
theirweakerphenotypes. The accumulationofUNC-34 to the cell bodies
of the neurons in thesemutants is surprising and suggests that theEVH1
mediates interactions that transport UNC-34 out of the cell body into
axons. Proof of this hypothesis will require the identiﬁcation of the
EVH1 binding partner and the demonstration that it is necessary for
UNC-34 transport.Acknowledgments
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